Vertical leakage (discharge to upper aquifers) is an important but poorly constrained component of water balance in the Great Artesian Basin (GAB), Australia. It ranges from negligible discharge where the GAB is overlain by aquitards, to high discharge where artesian water feeds the shallow unconfined aquifer (thereby raising the water table) causing elevated surface soil moisture and extensive surface salinisation. Adequately representing the temporal and spatial variability of vertical leakage is difficult due to the large scale over which the discharge occurs. An innovative method is presented that integrates a supervised classification of highdischarge zones using time-series Landsat data with landform mapping information to improve classification results. 'Wetness persistence' and 'salt persistence' classes, determined from the time series data, are related to groundwater discharge processes through a discharge framework that allows scaling up of field-based discharge estimates. The results show that using multi-image classification integrated with landform data will significantly reduce uncertainty by reducing false positives. No significant temporal trends were found in a time series assessment, with results featuring high variability, most likely due to image normalisation issues. The lack of a clear temporal signal suggests that an assumption of steady-state discharge is valid for estimating annual fluxes of vertical leakage. Supervised classification and landform outputs provide updated knowledge on GAB vertical leakage rates by providing useful lower and upper bounds of discharge rates respectively. Additionally, groundwater-dependent ecosystem classification, covering the full extent of the basin margins, is a new source of information resulting from the work.
Introduction
Artesian groundwater is an important resource for municipal, agricultural and industrial requirements, and particularly important in many arid and semi-arid areas (Habermehl 1980; Danielopol et al. 2003) . In arid and semi-arid regions, groundwater is often the only dependable source of water. Historical periods of unregulated water usage, combined with a lack of adequately quantified water balances can result in over usage of these groundwater resources, as has been the case for Australia's Great Artesian Basin (GAB; Habermehl 1980) . Over usage poses significant risk to groundwater dependent ecosystems (Patten et al. 2008 ) and agricultural and other supply (Famiglietti et al. 2011) .
Estimating the water balance of large aquifers in these environments is important to support sustainable water resource management. The concept of "sustainable yield" (Bredehoeft et al. 1982; Kalf and Woolley 2005) in groundwater management requires an understanding of all water balance components; not just monitoring of groundwater levels. Large aquifers can have very complex recharge and discharge dynamics, occurring over vast areas, and processes that occur at time Published in the special issue "Advances in hydrogeologic understanding of Australia's Great Artesian Basin"
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10040-019-02062-4) contains supplementary material, which is available to authorized users. scales in the order of millions of years (Habermehl, 1980) . At such large spatial scales, significant spatial variability can be expected in structure and character of the aquifer (Herczeg 2008) , complicating assumptions of groundwater flow pathways. The large time scales at which the processes occur provide an additional challenge in representing the water balance and associated fluxes. Long water storage times mean that steady-state conditions are unlikely to exist, with fluxes from past climates still affecting fluxes throughout the aquifer (Miles et al. 2012) . It is not straightforward to understand how the factors of recharge, flow and discharge interrelate, or to characterise longer-term and shorter-term temporal variability of various water balance fluxes.
Some components of the water balance are relatively easily estimated such as spring discharge and borehole use; however, elements like recharge and vertical leakage are much harder to quantify and to represent meaningfully (Love et al. 2013; Woods et al. 1990 ). These major components of the water balance often occur at low rates and over large areas making accurate field measurements difficult to achieve and spatial validation challenging over such large areas (Woods 1990) . Major components of the water balance, in particular inflows (e.g. recharge) and outflows (e.g. vertical leakage), are typically estimated through the modelling of aquifer systems (Ransley and Smerdon 2012) . Where models are not constrained by observations of the water balance components, the water balance can be erroneously distributed during calibration, leading to some of the major fluxes being significantly over or underestimated (Ransley and Smerdon 2012) . Therefore, the collection of field data to measure rates and spatial distribution of water budget fluxes allows greater confidence to be placed in the modelling of the resource and its sustainable use (Costelloe et al. 2008) .
In arid and semi-arid environments, groundwater lost through phreatic evapotranspiration (ET) can be a significant component of a groundwater system's water balance (Woods 1990; Menking et al. 2000) . In closed basin groundwater systems, water lost through ET is the only significant mechanism of water loss (Allison and Barnes 1985; Yechieli and Wood 2002; Kampf and Tyler 2006) . The south-west margin of the GAB features large areas where water is discharged at high rates through a process known as near-surface diffuse discharge (Costelloe et al. 2015; Lewis et al. 2013; Love et al. 2013; Turner et al. 2015 ; Fig. 1 ). This artesian groundwater is bought to the near surface through exposed aquifers and fractured aquitards. Here artesian water feeds local unconfined aquifers (water-table aquifers), and it is then lost at relatively high rates through evapotranspiration at the surface and near-surface. These environments typically feature increased soil moisture at the surface and near-surface, sustaining groundwater dependent ecosystems (GDEs) in an otherwise arid environment. The only other mechanisms for groundwater discharge are borehole abstraction or leakage into adjacent aquifers (Allison and Barnes 1985; Yechieli and Wood 2002; Kampf and Tyler 2006) . Welsh (2000 Welsh ( , 2006 reported that 12-53% of the total discharge from the GAB occurs as vertical leakage, highlighting both the large uncertainties and also the potential dominance of this discharge mechanism for the GAB.
A number of important studies have significantly advanced the understanding of the ranges and distribution of discharge rates associated with vertical leakage and the processes that govern them (Love et al. 2013; Woods 1990; and Costelloe et al. 2015; Turner et al. 2015) . Studies to date have reported vertical leakage fluxes along the GAB's south west margin ranging from 300 mm/year through to extremely low rates of discharge of 0.01 mm/year in the immediate proximity of known discharge zones (Costelloe et al. 2015) .
Large uncertainties remain in the understanding of the vertical leakage component of the GAB's water balance. These are due to the large uncertainties of measured fluxes, the challenges of spatially representing a range of discharge rates and the assumption of steady-state discharge at the annual and interannual temporal scales. The vast spatial scales over which vertical leakage occurs make field mapping impractical. Furthermore, a single field visit is not able to represent potentially significant temporal variability in the surface condition of any discharge zone.
Aims
The work presented in this paper progresses the method published in Costelloe (2015) . The objectives of the study are to develop a landform mapping procedure, and a semiautomated remote-sensing-based approach to classification of discharge, updating knowledge of the GAB's vertical leakage processes by (1) improving classification results afforded by single image classification, (2) providing a basin-wide coverage of the classes and improving confidence in areas without field trained classification, and (3) reporting on the first attempt to detect temporal trends and therefore interrogating the steady-state assumption.
Background

Study area
The study area is found in northern South Australia, along an approximately 500-km arc coinciding with the south west margin of the GAB, extending from Dalhousie Springs near the South Australia/Northern Territory border to the Northern Flinders Ranges, near the South Australia/New South Wales border (Fig. 1) . The geography is dominated by expansive gibber plains, sand dune systems, ephemeral river channels and terminus playas. Lake Eyre dominates the geography of the region, is Australia's largest terminus playa, and includes the lowest point in Australia at −15 m relative to the Australia Height Datum (AHD). The climate in this area is arid, with mean annual rainfall below 125 mm/year (Australian Bureau of Meteorology 2019). Rainfall is sporadic, through thunderstorm cells, which can occur at any time of year. Vegetation is extremely sparse and typically only small desert shrubs are found in the area, with eucalyptus species found in alluvial channels. Details on study area extent and field visits are included in section 'Field data'.
Opportunities and challenges when using remote sensing
The areas in which there are higher rates of discharge (in the order of 10-300 mm/year) are often associated with surface expressions of vertical leakage such as increased soil moisture and salt crusting (Costelloe et al. 2015) . Using available remotely sensed data and ancillary data sets provides an opportunity to map and classify discharge zones based on their surface conditions via spectral features associated with soil-moisture spectral absorption and the high albedo of surface salt, which can then be related to subsurface discharge rates. Many land-cover classification approaches and classification assessment methods using remote sensing data (Congalton 1991) are well established.
Regolith-landform mapping
The higher-rate vertical leakage discharge classes, which are the focus of this study, are typically associated with common landforms such as depressed clay pans, carbonate mound springs, and transitional gibber slopes (Waclawick 2006) . By establishing a relationship between these landforms (which can be readily mapped by remote sensing data at large scales) and regolith (including elevated soil moisture and salinity), an Gotch et al. 2013 independent alternative approach to mapping discharge zones can be developed. Regolith mapping is a rules-based, descriptive method for mapping surface features, where regolith is defined as being all materials above the unweathered bedrock (Ollier and Pain 1995; Taylor and Eggleton 2001) . Regolith refers to all attributes in the surface layer which comprise, describe and define the landforms. This includes vegetation, soil type (structure and composition), geomorphologic information (weathering and drainage), and temporally varying features such as soil moisture and evaporite minerals (Taylor and Butt 1998) . On the other hand, landforms describe the large structural features of land surface and near surface (made up by regolith materials). Landforms are defined by geologic and geomorphic contexts, and landscape evolution processes (e.g. sand dunes, alluvial channels, salt lakes etc.). Regolith and landform are often related through an understanding of landscape evolution processes, e.g. phenomena such as topo-sequences (systematic variations in soil morphology with positions in landscape) or the systematic distribution of vegetation communities as a factor of landscape position. The two are often described together as a regolith landform unit. Chan (1988) notes that a regolith landform unit consists of:
& One or several recurring landscape elements and their associated underlying regolith packages, which together form a distinct regolith landform entity & A land area characterised by similar landform and regolith attributes. It refers to an area of land of any size that can be isolated at the scale of mapping.
Supervised classification of vertical leakage
With the advantage of global coverage, suitable pixel resolution, and low cost, multispectral satellites such as Landsat have been identified as suitable for salinity and soil-moisture mapping in regolith landform mapping (Hick et al. 1984; Hick and Russell 1990; Craig et al. 1998 ). Due to its high temporal frequency (14 days) Landsat also offers the opportunity to apply a time series analysis to explore temporal variability based on variation in surface conditions. Soil moisture (Schmugge et al. 1992; Engman and Chauman 1995; Njoku and Entekhabi 1996; Ulaby et al. 1996; Wigneron et al. 2003) , and salinity (Hunt and Salisbury 1976; Crowley 1991; Mougenot 1993; Dehaan and Taylor 2003) mapping with remote sensing imagery have been widely investigated. In multispectral sensors such as Landsat, which sense in optical and infrared ranges (400-2,500 nm), an increase in soil-moisture content is related to an overall decrease in reflectance in all spectral wavelengths (Angstrom 1925; Curcio and Petty 1951; Bowers and Hanks 1965; Stoner and Baumgardner 1981; Lobell and Asner 2002; Liu et al. 2002) and is particularly evident in the water absorption features at 760, 970, 1,190, 1,450 and 1,940 nm (Lui et al. 2002) . Various image processing methods have proven to be successful (Bowers and Smith 1972; Lui et al. 2002 Lui et al. , 2003 Whiting and Li 2004) ; however, normalised band indicators that can be applied to a time-series of images have shown the greatest potential utility for developing a soil-moisture classification approach (Haubrock et al. 2008) .
For salinity, halite is the target mineral associated with GAB discharge. Halite represents modern discharge processes, whereas carbonates and sulphides reflect both modern day and paleo discharge processes. Mineralogy, colour and soil-moisture content are the main factors affecting the reflectance of salt (Mougenot 1993; Farifteh et al. 2008) and much work has been published on assessing the use of space-borne and air-borne sensors covering the visible to thermal infrared regions for salt mapping (Mougenot 1993; Drake 1995; Metternicht and Zinck 2003; Farifteh et al. 2006 , Hunt et al. 1972 Mulders 1987; Siegal and Gillespie 1980; Crowley 1991; Drake 1995) . One of the most distinctive spectral features of salts is a high reflectance in the visible bands (450-800 nm), with reflectance peaking at 800 nm (Dehaan and Taylor 2002) . Best band combinations (Dwivedi and Rao 1992) showed Landsat TM bands corresponding to 400 (band 1), 550 nm (band 3) and 1,600 nm (band 5) to contain the most information for salt classification. Different alkalinisation rates will lead to variation in the spectra at 550-770, 900-1,300, 1,940-2,150, 2,150-2,300 and 2,330-2,400 nm (Dwivedi and Rao 1992) . In the GAB discharge area, carbonates, mainly travertine, the sulfate gypsum and the chlorite halite have been observed (Freytag et al. 1967; Lewis et al. 2013 ). Significantly varying alkalinity values were observed in groundwater samples taken from the water-table aquifer in and around discharge zones (Costelloe et al. 2015) and presumably this will manifest in variability in salt spectra.
The spatial resolution of multispectral satellite imagery can limit the detection of salinity, due to pixel mixing effects from coarse pixel resolution. Mougenot (1993) showed that salinisation below approximately 10-15% of surface cover is difficult to map with space-borne imagery, largely due to pixel mixing effects. Due to the large variability of possible salt species and their conditions (colour and moisture content), the success of any processing method depends on the particular image condition of the evaporate mineral and relative abundance of other materials that can cause spectral confusion. Even within the same satellite image, salt species and alkalinisation can vary widely as was found in the GAB discharge zones (Costelloe et al. 2015) . This suggests there is no "one size fits all" salt classification method, even for the same mineral type, or within the same substrate or hydrogeological system.
Framework
A discharge framework relating field measured subsurface discharge rates to surface expressions is presented in Costelloe (2015) (Fig. 2) . The four classes, each representing roughly an order of magnitude difference in discharge, are as follow: the liquid transport zone (LTZ) represents a class where the surface is characterised by near saturated soil conditions and heavy salt crusting and evaporation is primarily occurring at the surface; the mixed transport zone (MTZ) represents areas where evaporation is occurring at the near surface, and soil-moisture conditions range between below saturated to above dry (i.e. above 8% v/v); the vapour transport zone (VTZ) represents areas where the evaporation front is below the surface, and surface soil-moisture condition is at background levels, with no salt crusting; and the zero discharge zone (ZTZ), represents those areas where discharge is effectively zero due to impermeable subsurface geology. Field methods and results used to characterise discharge fluxes are presented in Costelloe (2015) .
Challenges in applying an idealised framework to meaningfully represent temporal and spatial variability of vertical leakage include the fact that surface soil moisture and salt crust can be affected by non discharge-related processes such as rainfall and surface runoff accumulation and redistribution. The use of a Landsat 5 time series has potential to address some of these issues. Additionally, the assumption of steadystate discharge is unclear. Costelloe et al. (2015) reported an annual seasonal variation in depth to the unconfined water Conceptual framework for linking zones with distinctive surface characteristics (e.g. soil moisture, surface salt precipitation) and subsurface characteristics-e.g. chloride (Cl) concentrations, soil moisture (SM)-to water-table depth and phreatic evapotranspiration (ET) fluxes. LTZ liquid transport zone, MTZ mixed transport zone, VTZ vapour transport zone, ZDZ zero discharge zone. Indicative threshold depths for each zone, relative to the position of the water table (0 m), and characteristic subsurface Cl and SM profiles, are shown for each zone and this may also be detected in the image time series. Mound springs have become extinct due to over consumption of GAB groundwater in and around the basin margin, and changes in consumption may affect near-surface diffuse discharge (Costelloe et al. (2015) .
Site, data and methods
Methods for two classification approaches, landform mapping and an innovative Landsat based multi-image classification, are presented here. The landform mapping provides an interpretive approach to determine the extent of discharge areas. The Landsat time-series method applies classification rules to a multidecadal time series to improve classification results by constraining persistently moist and salt-crusted areas. These methods aim to address issues relating to temporal variability and classification accuracy described previously. Field data were collected for calibration of both methods. Classifications are established for fieldvisited spring complexes and then are applied basin-wide to produce improved discharge classification outputs for all known discharge areas along the GAB's south-west margin.
Study area
Spatial classification was applied to an area defined by a 4-km radius from all spring vents mapped by Gotch et al. (2013) (Fig. 1) . Field trips were conducted in July 2007 , November 2007 , November 2008 and May 2009 . The field trip timing was designed to coincide with both the cold season (May-July) and hot season (November) in order to identify any temporal variability in discharge rates and surface expressions of discharge. The sites are a subset of known discharge zones along the approximate 500-km arc of the GAB's southwest margin. Visited discharge groups were chosen to represent some of the largest complexes, complexes of different natures (i.e. on-margin vs. off-margin settings), and complexes representing discharge from the different GAB mixing groups (water types).
Field data
Soil moisture, salinity, elevation and regolith-landform observations were collected along transects designed to bisect major landforms within each visited spring complex. Stratified micro-cluster sampling was used. Stratification was by regolith-landform units as identified in aerial image based maps prior to the site visit. At least one sample cluster was to be collected for each major regolith landform unit within the transect. Sample clusters were spaced at intervals between 25 and 100 m apart. Spacing was neither systematic nor randomised, but adjusted to characterise the variability in regolith-landforms within a transect. Micro-clusters consisted of three samples collected at each transect location within 1 m 2 , averaged into one value. Locations were determined with a Trimble Pathfinder Pro Differential Global Positioning System (DGPS) relative to the Geodetic Datum of Australia (GDA94) and Australian Height Datum (AHD)(m). The data were corrected in real time resulting in a horizontal error of 2-3 m, and the vertical error of up to ±5 m, with relative errors between measurements in the same transect being less than 0.05 m.
Regolith-landform observations were made at each sample point along transects to characterise soil type and texture, geology, vegetation and local topographic character. Landform information was also noted in the field, including landform structure and regional topographic setting.
The soil dielectric constant in the 0-5 cm layer was measured using a hydraprobe (Merlin et al. 2007) . Calibration is described in Merlin et al. (2007) . Soil samples were collected using a 5-cm-diameter 2.5-cm-deep soil sample ring and weighed in the field. In the laboratory, samples were placed in an oven for 24 h at 75°C and weighed again to determine the gravimetric water content and converted to volumetric measurements. Due to issues in calibrating the dielectric constant-soil-moisture relationships in a hyper-saline environment, a wetness threshold was established using fieldmeasured volumetric soil samples. It was established that a dielectric constant above 10 could be used to classify a reading as "wet"; corresponding to approximately 10% v/v soil moisture.
Salinity data were collected in the field through observations of salt crusting at each transect location. If salt precipitation was visible at all within the diameter of the soilmoisture ring, the location was classified as featuring surface salt. These salinity data were used in both the landform-and remote-sensing-based classification.
Landform mapping
The general steps for regolith-landform map production are first to determine the landform boundaries using aerial photography and then to classify these into landform classes using field data and desktop information (Fig. 3) . Landform maps were created at all locations within a 4-km radius from the spring vents mapped by Gotch et al. (2013) (Fig. 1) .
To determine boundaries, three previous studies were referenced, which produced regolith landform information within at least part of the study area, at various scales (Woods 1990; Waclawick 2006; Krapf et al. 2012) . Features relevant to landforms associated with discharge processes, particularly moderate size playas and carbonate terraces associated with mound-springs, are featured in these existing data sources, but with many omissions. Other desktop data used in the study were: surface geological data (Freytag et al. 1967; Ambrose and Flint 1980; Benbow 1981 , Krieg 1985 Forbes et al. 1995; Rodgers and Freeman 1996; Sheard and Callen 2000) ; a 90-m digital elevation model derived from the Shuttle Radar Topographic Mission (Geoscience Australia 2011); Spring vent data ; and diffuse discharge area shapefiles (Turner et al. 2015) based on albedo and surface temperature data from Landsat using principal component analysis classification techniques. Rules to reclassify these ancillary data sources to landform classes for unvisited sites were developed by evaluating their accuracy using landform maps produced at visited sites. In visited areas, field observations and aerial imagery were the predominant source of information to classify landforms.
The final step is to reclassify regolith-landform maps to discharge class maps. Field observations on dominant landform types (see previous section) were compiled to create a set of landform classes representing the most common landforms in around discharge zones. Reclassification rules were developed based on an analysis of field data measurements of regolith attributes such as soil moisture, salinity, elevation character.
Landsat classification
Images for supervised classification calibration US Geological Survey "precollection" surface reflectance Landsat 5 products (USGS 2017) are used for a semiautomated supervised classification approach. MODIS atmospheric correction routines are applied to the Landsat data (Vermote and Kotchenova 2008) . These surface reflectance products allow inter-image analysis as they have been corrected for atmospheric affects and sun-angle illumination through generation of top-of-atmosphere outputs.
To improve image normalisation for inter-image processing, a pseudo-invariance pixel normalisation was applied (Wu et al. 2018 ). This method requires spectrally pseudo-invariant pixels such as buildings, water or exposed bedrock to calibrate image reflectance. In all, 150 pixels associated with exposed bedrock were selected for this study. A regression was fitted between pixel spectral values from a reference image and each other image in the time series. The regression relationship was then applied to all pixels within the image.
With 600 salinity measurements and 769 soil-moisture measurements available for calibration, Landsat image scene path 99/row 80 featured the largest number of samples and was therefore selected for classification calibration (Table 1) . The majority of the field measurements within this image scene were collected in November 2007. The closest cloudfree image to these field collection dates was September 9, 2007, as a January 2008 image featured a 'coherent noise' artefact known to occur in some Landsat 5 images. The September 9, 2007 image was used for both soil moisture (LTZ) and salt (MTZ) classification calibration. Evaluation was carried out on Landsat 5 images path/row 100/80 and 97/80 using 594 and 315 soil-moisture samples and 231 and 167 salinity samples, respectively (Table 1) .
Classification indicators and accuracy assessment method
A standard USGS soil-moisture product, the Normalised Difference Moisture Index (NDMI), was evaluated and found to be suitable for use in this application. NDMI is derived from the USGS Landsat 5 surface reflectance product described previously. No standard index exists for classification of salt crusting, so a suite of indicators targeting salt from the literature were tested to determine optimal classification results ( Table 2) .
Indicator performance was assessed using an error matrix (Congalton 1991) . Liu et al. (2007) suggest that the producer and user accuracy are the most important when assessing individual class performance. The index value is extracted for the Landsat pixel corresponding to each field collection point. For LTZ/NDMI training, 679 field data points classified as wet/dry were used and for the MTZ/salt indicator training, 600 field measurements classified as "salt" or "no salt" were used. The total accuracy, along with four classification accuracies (i.e. user and producer accuracies and user and producer (Krapf et al. 2012 ) are overlaid with the 4-km spring vent buffer, spring vents ) and field measurements errors) were considered when choosing the optimal classification threshold/rule. Additionally, visual inspection of the varying threshold was used to check for the spatial patterns associated with potential classification thresholds. This allows a physical interpretation of the results to determine which landscape features the various threshold ranges appear to be related to. The same method was applied to validation images to determine expected classification accuracies using the classification thresholds developed in the calibration image.
Integrated mapping for discharge class persistence
A method was developed to temporally average the occurrence of each discharge class by mapping class persistence through the Landsat 5 image time series. The classification method uses the Landsat classification for the NDMI and the best salinity index results from the method presented in the preceding to classify each image. The classification results were then expressed as a percentage of times that a pixel was classified as a particular discharge class through the entire time series. Table S2 of the electronic supplementary material (ESM) lists the number of images available for each Landsat image foot print, which together cover the study area. Areas not classified as landforms having potential for discharge (i.e. all landforms other than sand dunes and bedrock) were clipped to reduce false positives. This method was first applied to image path 99/row 80 to determine what percentage of 'persistence index' should be applied in nonvisited areas as a final classification rule. A total of 134 cloud free Landsat 5 images between 1987 and 2011 for path 98/row 99 were considered for the calibration set. Manual screening removed images where cloud coincided with mapped discharge areas, as visually determined by spatial patterns typical of clouds. Rainaffected images were identified where anonymously high NDMI values were spatially contiguous outside lakes, channels and discharge areas. Rain station data were not able to usefully flag rain-affected images since they are often hundreds of kilometres apart in outback Australia and were found to miss many significant rain events affecting mapped discharge zones. Rain-affected images were discarded since rain will reduce the albedo of salts and will also result in large areas of false positives for NDMI, leaving little to no useful information for detection of discharge zones. This resulted in 87 rain and cloud-free images available for persistence indicator development.
Diffuse discharge areas as mapped by Turner et al. (2015) were used to compare with the results of this study. The areas classified by Turner et al. (2015) are clipped to the 5-m spring vent buffer for a more direct comparison. They are classified by spring group for comparison. These data provide an independent estimate of a similar thematic class and provide a qualitative method to evaluate the results.
Temporal variability assessment
The time series results were used in seasonal and long-term signal detection analyses with the aim of determining the validity of a steady-state discharge assumption. Temporal variability was only explored for the NDMI since surface soil moisture is conceptually expected to have a closer relationship to GAB discharge temporal variability (assuming rain can be accounted for). Salt crusting is understood to be influenced by surface redistribution processes meaning the temporal variability of its surface distribution is less likely to be related to discharge processes.
For each image, the classification threshold from the USGS NDMI product was applied and the classified area for each discharge zone, clipped to mapped discharge landforms, was calculated. The classified area is plotted through time to investigate inter-annual trends, and against the day of the year to investigate seasonal patterns. The temporal variability is assessed for each spring group within the image. The mean and coefficient of variation were also calculated to quantify the variability in classification areas.
Results
Landform mapping
The most common landforms, as determined through field observations and used to form the basis of a landform classification system, are listed in Table 2 , which also presents rules established to reclassify available desktop information to landform classes, along with a summary of the field data results to support these reclassification rules, and the discharge zone classification assigned to each landform. Reclassifications were typically updated based on visual inspection from aerial imagery. Figure S1 of the ESM and Fig. 4 illustrate the data integration and landform map production process using Wabma Kadarbu and Coward Springs discharge groups as an example. The basin-wide maps are presented in Matic (2018).
Clay pan landforms (which feature the highest discharge rates) contain fairly consistent occurrences of increased soil moisture (48% of samples) and salinisation (68%) over all spring groups sampled. Field measurements of evapotranspiration demonstrate near-surface evaporation and the highest evaporation rates of any landform (Costelloe et al. 2015) . They are therefore reclassified to the LTZ discharge class. Sandy clay with characteristic surface texture ("bubble soil") is common in clay pans (84% of samples). Clay pans are characterised by a low topographic relief and readily mapped from aerial imagery as they typically present as discrete landforms. In nonvisited areas, 1:100,000 scale geology map boundaries tend to delineate these landforms, but will classify them as either unit Qhl1 (Holocene playa sediment) or map unit Kmb (bioturbated mudstone), which reflects underlying geology. The state regolith maps show these as mound springs and alluvium of playa deposits, and generally at too coarse a resolution to be useful for this study. Delineated units from aerial imagery or geology boundaries corresponding to Turner et al.'s (2015) discharge classes are classified as clay pans in nonvisited areas.
Transitional slope landforms often feature bubble soils (38% of sample) increased salinisation (29%) and moderately increased soil moisture (18%). Transitional slopes feature a high topographic relief, are adjacent to clay pans and mound springs, and feature high albedo related to "leached gibber", where the typically red "desert varnish" associated with gibber is faded. In the field, the transitional slopes are often associated with halophilic desert shrubs, but these vegetation communities were not readily mappable from aerial imagery. At Elizabeth springs (Fig. S1 of the ESM), transitional slopes corresponded to geological map unit Qpa2/Pleistocene gypcrete carbonate, but elsewhere did not consistently correspond to any geologic or regolith mapping. Transitional slopes are reclassified to MTZ discharge classes.
Generally, regolith/surface expressions of discharge are not common on gibber plains, other than where gibber is found directly adjacent to and at elevations 1-2 m above a discharging clay pan, or in a large alluvial system. Here bubble soil textures (16% of samples) corresponded with areas where gibber is characterised by a pale colour due to leaching of the red ferrous desert varnish, and this is found at gradational boundaries between transitional slopes and gibber plains. There is still a question of the processes that result in this condition and whether or not it is related to a discharge process (e.g. perhaps due to increased salt in the soil profile resulting from groundwater evaporation). Gibber plains are reclassified as VTZ, or as ZTZ where underlain by Bulldog shale, which was shown by Love et al. (2013) to be effectively impermeable to diffuse discharge processes.
Mound springs were characterised as wet (50%) and with increased salinisation (100%) in field data. Discrete mounds could be delineated from the 1:100,000 geology map unit Qps2 (Pleistocene mound spring carbonate). Aerial imagery interpretation alongside spring vent layers was found to often improve precision of mound spring landform classification, particularly where springs did not present as discrete landforms. Mound springs are reclassified as the MTZ discharge class.
The carbonate terrace landforms represent carbonate precipitates that often occur around discharge areas and are not necessarily associated with modern day mound spring activity. They exist as expansive terraced landforms as opposed to mound structures. Of the five transect points collected over carbonate terraces, no increased soil moisture or salinity were observed. This landform is difficult to identify from aerial imagery. Consequently, geological information (map unit Qs1/Quaternary mound spring carbonate) or field data were relied on to delineate this landform. Whilst field data showed dry soil and no salt, they often correspond to heterogeneous environments which can include dispersed spring vents and vegetated terraces; therefore, carbonate terraces are reclassified to discharge class of MTZ. Alluvial channels were often challenging to separate from clay pans as both landforms would coincide in local topographic low points. Alluvial channels were found to feature elevated soil moisture (18%) and salinisation (54% of samples) and bubble soil (19% of samples). They were readily mapped at a useful scale using 1:100,000 geological layer map unit Qha (Holocene alluvium) and also from aerial imagery (Fig. 3) . The relative portion of artesian fed groundwater vs local meteoric sources is unclear (Costelloe et al. 2015) , and so alluvial channels are reclassified as VTZ discharge classes.
Vegetated terraces are raised platforms, typically a meter or so above adjacent clay pans. They feature low salinisation and soil moisture (14% wet samples) when compared to clay pans and transitional slopes, and feature relatively dense occurrences of salt tolerant species of Atriplex (saltbush) Frankenia and Tecticornia (Samphire) genera. Vegetated terraces, like carbonate terraces, relied on field observations and there is a low mapping confidence in non-visited areas. They are likely to be misclassified as transitional slopes as they feature high albedo leached gibber. This has little consequence in discharge class reclassification as both vegetated terraces and transitional slopes are reclassified to MTZ.
Sand dunes consistently featured low soil moisture (2% wet samples) and low salinisation (5% of samples). They are mapped readily from aerial imagery based on spatial patterns, high topographic relief in the digital elevation model (DEM) and are well delineated in the state geology layer. Sand dunes are reclassified as ZTZ.
The landforms presented above are the "end-member" landforms that make up the majority of the landforms found in all of the discharge zones. The setting of the discharge zone will dictate what other surface materials are found in the area. Discharge regions situated at the boundary between outcropping GAB sediments and Proterozoic basement rock will feature outcropping bedrock and its associated scree. Of note is the quartz scree which occurs in these "on-margin" settings. The quartz has a high albedo and could be mistaken for salt in remotely sensed images which are not field verified. Field surveys found that landforms in on-margin settings (e.g. Public House Springs and Davenport Springs) are characterised by smaller-scale landforms, heterogeneous surface materials and more diffuse boundaries between landforms. In off-margin settings, the mapped landforms exist as larger, homogeneous and discrete units. Topography of discharge areas can vary from extremely flat with less than a metre relief over hundreds of metres in large salt pans, to faultcontrolled very heterogeneous discharge pockets featured in terraced environments. The latter are typically found on the margin of basement rock and outcropping GAB sediments.
Landsat classification
MNDI/LTZ
The USGS NDMI image (path/row 99/80) selected for calibration featured image values ranging from −1,300 to 1,300. These values represent surface reflectance after being processed by the NDMI. Classifying values between −1,300 and −616 as dry and values from −616 to 1,300 as wet returns the highest overall classification accuracy (75%). In evaluation using MNDI images 100/80 and 97/80, the total accuracies associated with using the −616 threshold were both 68%. Figure 5 presents spatially the classification frequency result for MNDI persistence mapping at the Wabma Kadarbu study area, using 134 images. The results show that high persistence values (i.e. above 80%) occur in areas classified as LTZ. For these pixels within clay pans and transitional slopes, there is a high degree of confidence that they are associated with groundwater discharge processes. Areas with LTZ classification persistence less than 40% were visually identified as often being outside discharge areas classified as wet. Classification as LTZ (NDMI > -616) on a small number of occasions may be due to misclassification of salt and bed-rock mineralogy as areas of high soil moisture (Mougenot 1993). Conversely, non-GAB related high soil moisture can exist in alluvial channels and clay pans within sand dunes and therefore does not represent a misclassification of soil moisture. Constraining the frequency persistence result to a threshold that predominantly occurs only within mapped discharge areas will likely result in underestimating the representation of typically wetted areas. Therefore, an approach was taken to retain a relaxed threshold of the MNDI value, and remove meteorologically sourced soil moisture by clipping to landform polygons associated with GAB discharge. From this, the persistence of calibration pixels was 60%.
The persistence mapping outputs (presented in the ESM) at various frequencies are compared to the mean wet area from the persistence maps and the classification result from the September 2007 image used for calibration (Table S3 of the ESM); the area mapped by Turner et al. (2015) is also use for qualitative comparison. All results are clipped to discharge landforms (i.e. LTZ and MTZ) and presented by spring group.
The September 2007 image results can be considered to have the least uncertainty from a single image due to it coinciding with field data collection for ground truthing, and therefore provides a useful benchmark to qualitatively asses the persistence mapping results. Generally, the September 2007 image provided higher estimates of the extent of the discharge classes, suggesting the basin-wide classification using the 60% frequency rule will underestimate these discharge classes. The Turner et al. (2015) results mapped a smaller area than the mean and the September 2007 image. They appear to represent a conservative representation of discharge areas, corresponding to persistence frequencies of around 80-100%.
Salt indicator/MTZ
For the MTZ classification, the salt indicator (Landsat Band 1 surface reflectance × Landsat Band 3 surface reflectance) was found to feature the highest overall accuracy and was selected for use in the integrated mapping method for the calibration image (path/row 98/80). It was determined by classifying values <2,754 as no salt; values ≥2,754 were classified as salt present and produced the highest overall accuracy (77%). However, when applied in evaluation images, this threshold returned 40% accuracy for image 100/80 and no meaningful results for image 97/80, with the threshold not registering within the image range (image value ranges: 1,735-3,683 for image 100/80 and 1,267-2,500 for image 97/80). This highlights the issues with image normalisation. The USGS notes that image normalisation is particularly erroneous in arid zones. Furthermore, a large portion of the calibration image is dominated by Lake Eyre, a large high albedo salt lake which presumably has a significant effect on skewing image value ranges for the indicators targeting high albedo areas.
For the purpose of developing a useful classification rule that could be applied to any Landsat image along the basin margin, the field data in the evaluation images Fig. 5 Landsat image scene path 99 row 80 long-term wetness map at Wabma Kadarbu and Coward spring group. Results show that persistent soil moisture with above 60% classification frequency occurs within the discharge zones mapped through landform mapping. Clay pans within sand dunes to the north also feature persistent soil-moisture classification were used to calibrate classification thresholds specific to each image, with no further evaluation. Selected thresholds were 2,463 (60% total accuracy) and 2,394 (60% total accuracy) for images 100/80 and 97/80 respectively. It was determined that a threshold of 2394 should be used in the time series analysis for nonvisited Landsat images as it represents the more conservative of all image thresholds.
Considering the persistence results (Fig. 6 ), these show that known discharge areas are the only landscape features to be classified as MTZ at an 80% persistence threshold. Using a threshold of above 80% will, however, underrepresent discharge extent as areas such as Strangways will not be classified as MTZ, even though it had salt observed in the field. A threshold of 60% results in clay swales classified as salt, suggesting an overestimate of discharge classes. Clipping the results to MTZ landforms improves results by removing false positives. Table S4 of the ESM compares the area calculated using the 60, 80 and 100% thresholds of classification frequency. These results are compared to the mean of the SI 8/MTZ classification results and also the September 2007 calibration image (Fig. 7) . The results show that the September 2007 classification is similar to the mean area from the time series. Based on visual inspection, 60% is the most suitable threshold which will minimise false positives, while not underclassifying known discharge areas. Table S5 of the ESM shows the area of all classes for each discharge zone. The LTZ results are considered to have a higher confidence as field data showed this process has less temporal variability. The results show that the spring groups in the west (roughly Dalhousie to Francis Swamp) appear to feature larger portions of LTZ to MTZ, when compared to spring groups east of Francis Swamp (Table S6 of . The Turner et al. (2015) results are comparable to the LTZ/NDMI class in eastern groups, but result in discharge areas being approximately a quarter of the NDMI results in the western groups. In the case of Francis Swamp, Turner et al. (2015) did not include the large salt lake north west of the main discharge area (Fig. 2) which was included in this study, which explains a large portion of the difference in estimated area. The SI8/MTZ results are likely underestimated in the path 100/row 80 image. This is supported by the lack of SI8/ MTZ area classified within certain landforms shown to have salt crusting in field data.
Basin wide classification results
The results show that on-margin settings (Petermorra, Wangianna, Mt Dension and parts of Neales Creek), which are characterised by heterogeneous surface materials, have much lower areas classified by the Landsat method compared to the landform mapping. The heterogeneous surface character is likely causing pixel mixing issues which results in Landsatbased classifications to underestimate the discharge zones.
Time-series temporal trends analysis results
The total area of classified LTZ decreased over the time series, however the R 2 for a trendline is very low (Fig. S2 of the ESM). The results show that for 5 groups there is a decrease through time and for two groups an increase. The R 2 is low for all groups when considered separately (Table S6 of The results show weak or no trends for long-term and seasonal trend assessments. These results show that a high variability in estimated discharge areas confound the ability to conclusively determine if temporal trends exist. Comparing the mean and coefficient of variation in Table S6 of the ESM shows that the coefficient of variation is lower as the scale becomes larger. The largest spring groups are the least variable, and the coefficient of variation at 0.33 is relatively small for the entire basin margin. Shapefiles for both landform mapping and Landsat classification of GAB diffuse discharge can be found via Hydroshare (2019) .
Discussion
This section discusses the results of the two classification methods, and the temporal analysis for assessing the assumption of steady-state discharge. Both classification methods are limited to a mapping area defined by a 4-km buffer ring around spring vents mapped by Gotch et al. (2013) . There is some uncertainty regarding this method, most significantly regarding spring areas which coincide with terminal playas. However, as it is not possible to meaningfully distinguish 
Time series images (Table 4) :
Landform maps: used to qualitaƟvely evaluate persistence mapping result. Fig. 7 Landsat classification development and persistence mapping flow chart between groundwater originating from the GAB and meteorically fed local unconfined groundwater in these settings without extensive field sampling and analysis, GAB discharge will almost certainly be occurring here since discharge zones are so common around spring vents elsewhere. Additionally, the spring groups proposed by Gotch et al. (2013) include groups with no mapped spring vents, and therefore these may also represent an omission of potential discharge areas.
Landform-based classification
Field regolith measurements characterising landforms, and landform to discharge class reclassification Regolith-landform assessment shows that landforms are useful surrogates for discharge-related surface conditions of elevated soil moisture and salt crusting. Clay pans as surrogates for LTZ, were found to have average soil moisture elevated compared to all other landforms. However, field data showed that many clay pans or large portions of clay pans did not feature elevated soil moisture, or have significant temporal variability in elevated moisture, and therefore could alternatively be classified as MTZ if based on surface character alone. Using clay pans to represent the LTZ therefore is likely to overestimate the extent of this discharge class.
The field data showed elevated, though moderate, soil moisture and salinisation for mound springs, vegetated terraces, carbonate terraces, transitional slopes and alluvial channels. Therefore, all of these are reclassified to MTZ, except for alluvial channels. Since the source of groundwater is less certain for alluvial channels, they are assigned to VTZ. For some discharge areas, this could result in a significant underestimate of discharge rates, since alluvial channels coincide with clay pans, both occur in local low points, and have had the largest discharge rates measured in the field (Costelloe 2015) .
The nondischarge landforms such as sand dunes, and proterozoic bed rock have a high degree of certainty that discharge is not occurring within them. This is supported by field measurements for sand dunes. While landforms were shown to be useful surrogates for soil moisture and salt, the assumption of the relationship of soil moisture and salt to GAB discharge is another source of uncertainty. For example, some large clay pans are within the 4-km radius of mapped spring vents, but there is doubt as to w h e t h e r t h e y a r e s u s t a i n e d b y G A B l e a k a g e . Alternatively, they could be small-scale terminus catchments, which are seen throughout arid South Australia (Costelloe et al. 2008) . Another example are clay pans within sand dunes which are assumed not to be GAB related (Figs. 5 and 6); therefore, even though a clay pan might be in the proximity of known discharge areas, it appears to be a specific landform evolution unrelated to GAB discharge.
Uncertainties in landform boundaries and landform classification
Landform mapping is an interpretive grouping exercise and almost certainly will overestimate the extent of discharge classes. It does not account for small-scale heterogeneity caused by microtopography, soil or subsurface discharge variation. This is in contrast to the supervised classification approach, which likely represents an underestimate of discharge processes, and is sensitive to heterogeneity.
Landform mapping relied heavily on field observations and aerial image interpretation. The state geological map 1:100,000 layer was found to include boundaries that are roughly at the scale required for representing discharge-related landforms. However, their classification typically related to subsurface geological features, or represented mineralogy which could not be consistently reclassified to landform classes. Nevertheless, the geology layer boundaries and some of its map units, could be combined with other ancillary data sets such as a DEM, the Turner et al. (2015) discharge classes and state regolith maps to support classification of landforms in nonvisited areas.
The major idealised landform types found in and around discharge areas are well represented in the landform classification model developed for this work. The most significant shortcoming of applying a standardised model is that the landforms of carbonate terraces and vegetated terraces were not always clearly delineated from each other, even in the field. This boundary could vary widely based on atmospheric correction and antecedent conditions found in any given image. No attempt to systematically integrate multiple images for landform mapping is attempted here. Similarly, on-margin settings feature highly heterogeneous surface conditions, and delineating idealised landforms or discharge classes was far more challenging in this setting. However, the majority of on-margin areas were visited and mapped in the field, and overall only a small portion of discharge zones exist in this setting. The off-margin settings on the other hand are typically characterised by larger discrete clay pans which are readily mapped and more obvious transitions between landforms. Landforms that tended to be more discrete and have higher confidence of delineation include clay pans, sand dunes and alluvial channels.
The work resulted in a new updated discharge-related landform map for all known discharge zones, whereas previously this information was only sporadically available across the region. This advances information on GAB-fed groundwater dependent ecosystems, adding new knowledge on a system that had not previously been consistently mapped across the whole area, nor consistently classified.
Multi-image supervised classification
The results showed that for classification of the LTZ using the MNDI a single threshold of −616 was suitable for application in all images. Classification of the MTZ however, using the salinity index, required calibration for each image (100/row 80, path 99/row 80, path 97/row 81 are 2,463, 2,754 and 2,394 respectively). This may be due to the classification method's reliance on optical wavelengths which are more sensitive to inter-image normalisation because of atmospheric effects. Additionally, it could be due to mineralogy changes since field samples have high variability in alkalinisation which is known to affect salt spectra. However, only a small portion of discharge zones are outside of images where no field data existed to calibrate images. The multi-image persistence mapping method developed for this study will address some of this uncertainty by removing likely false positives in any given image.
The main uncertainties associated with supervised classification are associated with pixel mixing, spectral confusion and temporal variability. Pixel mixing results in pixels with target materials not being classified due to low proportions. The field methods were not designed in a nature to quantify what pixel proportion of soil moisture or salt crusting relates to the thresholds determined.
Issues associated with spectral confusion are most pronounced in the salinity index persistence mapping (Fig. 6 ). High persistence classification results are associated with areas mapped as gibber transitional slopes which were found to have leached gibber, but no salt. The leached gibber is a relatively high albedo surface material, and it appears that relaxing the salinity index too far will result in other high albedo materials being persistently classified as MTZ. In this case, classification of the leached gibber as MTZ is not considered a misclassification since it should be reclassed as MTZ as well; however, it does result in an over estimate of saltaffected areas.
In general, the results showed that uncertainties associated with classification can be improved through the multiple satellite image method, which can filter out temporally sporadic discharge classes, particularly when combined with landform layers to remove nondischarge portions of the landscape. The results then have a higher confidence of being associated with a groundwater dependent ecosystem, and this integrated approach is particularly useful in nonvisited sites.
The method used to classify the basin margin based on a number of images appears to be suitable to account for the temporal variability and address some of the image-to-image noise issues. There is strong confidence that these final classification maps delineate areas that have GAB-fed diffuse discharge, particularly since the method uses landform classes to clip likely false positives. These results add new knowledge to GAB discharge processes by producing the first comprehensive basin-margin-wide layer of discharge zones; furthermore, these areas are expressed as two classes to differentiate a range of subsurface discharge rates.
Time series and assumption of steady-state discharge
The uncertainties associated with the assumption of steadystate discharge were explored through the time series analysis. The results feature high noise-to-signal ratio which suggests the temporal variability in the results is likely related predominately to calibration issues and possibly environmental factors like rainfall and surface runoff.
Normalisation and image correction issues in time series analysis are likely to be the most significant issues causing the high image-to-image variability which precludes a more precise investigation of temporal signals contained in the data. When assessed at the spring group level, the signal-to-noise issues preclude the determination of the assumption of steadystate discharge. However, when considered at the basinmargin scale, the classified areas remained stable over the time-series duration and appears to feature a higher signalto-noise ratio. Therefore, there is some evidence that the assumption of steady-state discharge is valid. These results provide new knowledge on GAB discharge processes as they support a steady-state assumption at the annual and interannual scale of the last three decades.
Conclusion
This work demonstrates that using multiple images in a supervised classification will reduce uncertainty associated with a single-image classification, due to the highly variable results from a single-image classification. The method is useful because it results in a classification that filters out issues such as rainfall and noise and image correction issues to highlight consistently wetter areas. This is the first time a persistence mapping approach has been reported for groundwater dependent ecosystems using Landsat's long time series and has potential application in detecting any groundwater dependent ecosystem.
The landform mapping results provided a complimentary mapping layer of landforms and discharge classes along the entire GAB south west margin. The layer also provided a useful dataset to integrate into the supervised classification method to remove significant uncertainty related to inclusion of false positives, thus providing significant value to the final product by integrating ancillary data sources. This paper also reports the first attempt at detecting longterm or seasonal trends in vertical leakage from the GAB's south west margin. The results show that there is high variability in image classification time series; however, it could not be determined with any confidence to what degree this variability is associated with long-term or seasonal fluctuations in GAB discharge processes as opposed to issues with remote sensing imagery. Improving the normalisation method might improve results; however, overall it appears the assumption of steady state is valid since the variability becomes less significant when considering all discharge areas.
